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THE previous papcrs have dernonstratcd that 
extensive variation in WIJE cxists among ground- 
nut cultivars. 'The difficulty in accurately meas- 
uring WUE in glasshouse and field situations, 
however, mcans it  is virtually impossible to 
include such a trair into largc-scale breeding pro- 
grams. Thc pioneering work by Professor G. 
Farquhar and his colleagues (Farcluhar et al. 1982) 
which showed that WUE and isotopic discriniina- 
tion against lit during photosynthcsis (A) were 
corrclatcd, raised the possibility of using A as a 
rapid 2nd non-destructive surrogate tiieasurc for 
sclcction of high WUE in Iargc-scale breeding 
programs. 
Subsequent research has f'urthcr assesscd thc 
possibility of using A in groundnut brecding 
programs, by investigating the relationships 
bctwccn WUE and A undcr both gl:isshouse and 
ticld conditions. This paper reports the ~iaturc of 
thcsc relationships. I t  is irnpcrativc that brccdcrs 
and physiologists be confident that A is a reliable 
prcdictor of WUE bcfore i t  can be recommended as 
a sclcction trait. 
Theory for Associations between 
Carbon Isotope Discrimination and 
Water-use Efficiency 
Atmospheric C 0 2  contains two stable isotopes, 
I3c and I2C'  in a ratio of approximately 1:89. 
During photosynthcsis, C:, plants discriminate 
against I3co2 and take up less of i t  compared with 
I2co2 in relation to the proportions of these stable 
isotopes i n  the atmosphere. This discrimination has 
both physical and biochcmical bases: slower 
diffusion of "C through the stomates, and lower 
affinity of the carboxylating enzymes for '.'c than 
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I2c (Farquhar et al. 1989). 7hc dcgrcc of discrinii- 
nation, A, is defincd as: 
whcrc p,  anti pi are the intercellular and atmos- 
phcric vapour pressures for C02,  and a,  b, and tl  arc 
parameters for isotope cf'fects on discriniination, 
carboxylation, respiration and other proccsscs [sce 
Hubick ct al. (1986) for details]. 
WUE is defincd as thc ratio of total dry mattel. 
(TDM) to transpiration (T) which can be modelled 
at many levels: 
Consequently, we can scc from equations 1 and 
2 that A and WUE arc both a function of pi 111,. 
Thcy will exhibit a ncg~itive, linear association 
providing y, is rclativcly constant and ci - e, does 
not vary (i.e. little variation in external humidity 
and lcaf temperature). Whcn A is nieasurcd on a 
carbon sample from a lcaf, i t  provides a tinie and 
spatially intcgratcd cstimatc of WUE. 
Relationships in Groundnut 
Croundnut cultivar variation in 
transpiration efficiency and correlation with 
A at the whole plant level 
Using medium-sized pots (13 kg capacity) in a 
glasshouse study, Hubick et al. (1986) showed 
therc was significant variation in WUE among 
seven Araci~is hypogaea cultivars and two wild 
Arachis species, ranging from 1.41 to 2.29 &/kg. A 
close negative correlation (r2= 0.66) between 
WUE and A was also observed, as expected on the 
basis of theory and data presentcd by Farquhar and 
Richards (1 984) (Fig. 1 ). Differences in photosyn- 
thetic capacity were largely responsible for WUE on above-ground dry matter. Differences among 
variation, as dry matter production was negatively cultivars in apportioning of dry matter to roots and 
correlated with A, while water use showed no such 
relationship with A. The lack of a relationship 
between water use and A may be associated with 
the use of small pots in this study, where plants 
were forced to use most of the available water, and 
therefore ended up having the same total water use. 
Differing responses may occur in the field where 
access to soil water can be relatively unrestricted. 
F u r  I .  'Tr;~nspiration efficiency versus ca rbon  
isotope discr iminat ion (A)  in a range  of 
groundnut  cultivars 
7hc experirncnt;~l confinriation that variation i n  
WUE exists nrnong groundnut cultiv;lrs, and that u 
strorig rcl~itionship between WUE and A often 
exists under glasshouse conditions, suggest that A 
could be used as a criterion to exploit variation in 
WUE in breeding programs. Therc are, however, a 
number of potential sources of discrepancy 
between results frorn glasshouse plants in pots and 
plants grown under field conditions, including the 
following. 
There are difficulties in correctly apportionins 
water use into that lost by transpiration and that 
lost by evaporation. In field studies there are 
problems in estimating soil evaporation, in 
contrast to pots where i t  can be niinimised 
('Turner 1986). Complications can also arise 
from differences bctween cultivars in the extent 
and tinling of soil evaporation (Condon et al. 
1991). 
There is generally a lack of data on root dry 
matter in field studies and WUE usually is based 
shoots may lead to erro;eous c&nparisons of WUE 
defined on this basis. This error may be particu- 
larly large in severe drought conditions where total 
dry matter accumulation may be dominated by 
roots. 
The aerial environment of field canopies is 
characterised by complex interactions involving 
transfer of heat and water vapour, and the inter- 
actions are different from those around isolated 
potted plants. Reduced WUE of isolated plants 
that occurs because of reduced stonlatal 
conductance may not necessarily be reflected at 
the canopy level, i f  the crop boundary layer 
conductance is relatively small (Cowan 197 1 ,  
1977, 1988; Jarvis and McNaughton 1985; 
Farquhar et al. 1989). 
Definitive experinients aimed at assessing vari- 
ation in WUE among groundnut cultivars, and the 
correlation bctween WUE and A therefore need to 
be conducted in canopies under field conditions. 
This inforrrlation is essentiril in  order to confinn 
that WUE variation exists under field conditions, 
and that A can be confidently used as a selection 
criterion for WUE. Also, this asscssrncnt needs to 
bc contlucted under both well-watered and water- 
limited conditions, as i t  has been sho~\*n that the 
correlation between WUE and A may break down 
under severe plant water deficits (Wright et al. 
1992). 
Groundnut cultivar variation in 
trnnspira tion efficiency, and correlation 
with A in field carlopies 
Two large field cxperirricnts using a mini- 
lysimeter facility (Wright et 31. 1988) iverc 
condcictcd to determine whether cultivar differ- 
ences in WUE were occurring in small field cano- 
pies. One experiment was conducted under f u l l  
irrigation (Wright et al. 1988), while the othcr 
imposed two levels of soil-water deficit (Wright et 
al. 1994). In  both experiments WUE was measured 
only during the period between fu l l  canopy devel- 
opment (ca. 45 days after planting, DAP) and early 
podfilling (ca. 90 DAP). This was done to mini- 
mise the effects of soil evaporation, and avoid any 
confounding effects arising from maturity differ- 
ences among cultivars. 
The results from experiments clearly indicated 
that significant differences in WUE existed among 
groundnut cultivars in the field, under both water 
non-limiting, and limiting conditions (Table I). In 
general, variation in WUE among cultivars was 
asscciated with differenccs in dry matter accumu- 
lation rather than differenccs in transpiration. 'Illis 
result indicates that photosynthetic capacity, rather 
than leaflcanopy stornatal conductance, was dorni- 
nating the WUE differences among groundnut 
cult ivars. 
Highly significant negative correlations were 
observed between A and WUE under both well- 
watered (r2 = 0.67) and water-limited conditions 
(r2 = 0.92) (Figs 2a and b). These relationships for 
field-grown groundnuts support the suitability of 
A as a selection criterion for screening for high 
WUE. 
Changes in pi I[)(,, thc ratio of internal CO, 
concentration in the leaf to ambient CO, conccn- 
- 
[ration, and A can arise from changes in the balance 
between leaf stornatal conductance and photosyn- 
thetic capacity. Where pi l y ,  changes arc due to 
stornatal rnovcments, the relationship between 
W U E  and A observed for well-ventilated, isolated 
leaves rnay break down in plants grown in canopies 
in the field because of significant canopy boundary 
layer resistances to fluxes of water vapour and heat 
(Cownn 1977, 1988; Farquhar ct al. 1989). Where 
11,. / / I , ,  changes in response to variation in photo- 
syrlthctic capacity, the problem associated with 
weak coupling between the crop canopy and 
atmosphere is not as  important, as  incrcasedpi ly, 
and A arise because of decreased assimilation rate, 
which causes a relatively small change in the CO, 
concentration in the air above the canopy and no  
effect on heat and vapour transfer through the 
boundary layer. The observation that total dry 
matter production (TDM) was negatively corre- 
lated with A for the groundnut cultivars examined 
in the field studies of Wright ct al. (1988) and 
Wright et al. (1994) (Fig. 3) suggests that variation 
in photosynthetic capacity was the predominant 
source of variation in yi lp, (and thcrcfore A). 
Genotype x environment interaction and 
heritability for WUE and A 
Genotype x environment interaction for W U E  
appears to be small in groundnut. Wright ct al. 
(1988) found that although there were large differ- 
ences in W U E  and A in 'above-ground' :is corn- 
parod with 'in-ground' mini-lysimctcrs, cultiv;~r 
ranking in these parameters was largely main- 
tained across the two contrasting environments. 
Correlation cocfticients (r) for WUE and A in 'in- 
ground' versus 'above-ground' riiini-lysimctcrs 
wcrc 0.91 and 0.83, respcctivcly. IIubick et al. 
(1986, 1988) also reported that the ranking of 
WUI! and A was consistent in a range of cultivars 
Table 1. Dry n1artt.r (including roots), transpiration, WUE ;~n t i  A in  groundnut cultivars grown in mini-lysimeters in 
ficld canopies under well-watered contlilions (Wright ct nl. 1988) and two levels of water-limited conditions 
(Wright ct al. 1994) 
Study Cultivar Biomass Water usc WUE A 
(kg) (kg) (gtkg) (x 10.7) 
lsd P-0.05 
Wiiter limited 
(intcrmittcnl 
stress) 
Isd P-0.05 
Ti fton-8 
VB-8 1 
Rebut 33- 1 
Shularnit 
McCubbin 
Cianjur 
Rangkasbitung 
Pidie 
Ti fton-8 
Shularnit 
McCubbin 
Chico 
Tifton-8 
Shulan~it 
McCubbin 
Chico 
Figurc 2. Rel;~tionsliip between water-use efficiency (WUE) and carbon isotopc discrimination (A) under (a )  
well-watered and (b) droughteti conditions for peanut cultivnrs grown in the field 
under two contrasting water regimes in g l ~ s s h o u s e  
studies. Iiubick (1990) showed that although WUE 
and A varied significantly in response to watering 
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Figurc 3. Total dry n~atter (TDM - roots and shoots) 
versus carbon isotope discrin~ination ( A )  in 
leaves of well-watered and water-limited 
trcatnicnt and source of nitrogen (mineral N versus 
nodule N) ,  the ranking of WUE and A was similar 
under each treatment, again indicating there is low 
gcnotypc x environnient interaction for these 
pararncters. 
In 16 groundnut cultivars grown at 10 sitcs with 
widely different rainfall patterns in sub-tropical 
and tropical areas of Quecnsland, Australia, there 
was significant genotypic variation in A, with no  
significant interactio~i between genotype and envi- 
ronment (Hubick et al. 1988). The broad sense 
heritability (ratio of genotypic variance to the total, 
or phenotypic variance) or repeatability ofA in this 
expcrinlent was 8 1 C / o .  
Inheritance of A was studied in plants grown in 
pots using crosses of cultivars with contrasting A 
and WUE (Hubick ct  al. 1988). The F, progeny 
had A values similar to those of the low A cultivar, 
Tifton-8, and considerably smaller than those of 
Chico, the high A cultivar. This response suggests 
a degree of dominance for small A or  large WUE in 
these genotypes. In the F2 generation, the distribu- 
tion of A exceeded the range between Tifton-8 and 
Chico, with two F2 plants having smaller A values 
than those of the low A parent, Tifton-8 (Fig. 4). 
The F2 distribution for A strongly suggested quan- 
titative rather than qualitative inheritance for this 
groundnut cultivars growing in the field trait. 
Carbon isotope discrimination in leaves (1 03 x A) 
Figure 4. Frequency distribution of carbon dioxide discrimination ( A )  in leavcs of well-watcrcd plants of groundnut 
cu1tiv;trs 'rif'ton-8 and Chico, and their F? progeny, grown togcthcr in the same glassliousc environment 
The results froni the study of Hubick ct a1. 
(I9XX), in conibinntion with the evidence we 
prcscnt here indicating that WUE and A t i i i~c  low 
genotype x environment interaction, suggest th;it 
effective selection for A,  and hcnct. W, c o ~ ~ l d  be 
corlducted in 1 restricted number of environnicnts. 
Indccd, thc results intlicate selection could 
possibly take place in a singlc cnvironnicnt, bc i t  
well-watered or water-liniited, and in a gl:isshouse 
or field situation. 
Relationships between specific leaf area, 
FVUE and A 
I t  has been observed over rnany experin~ents that 
specific leaf arca (SLA, crn2/g, which is negatively 
related to leaf thickness) is closely and negatively 
correlated with WUE, and also that SLA and A are 
positively correlatcd. Examples of the relation- 
ships between SLA and WUE, and SLA and A, 
measured in the mini-lysirneter study by Wright ct 
31. (1994) are illustrated in Figures 5a and 5b. 
These observations arc consistent with our earlier 
hypothesis that cultivars with high WUE have 
higher photosynthetic capacity . If it  is assumed 
that the N:C ratio docs not vary among cultivnrs 
then it  is possible that those cultivars with thicker 
leaves had more photosynthetic machinery and the 
potential for greater assimilation per unit of leaf 
arca. Indccd, Nageswara Rao and Wright (1994) 
have shown that specific leaf nitrogen (g ~ / n + )  is
linearly related with SLA, such that thicker lcaves 
had higher nitrogen contents (data not shown). 
Sirnilar relationships bctwccn WUE and SI,A, ant1 
A and SLA, have been reported clscwhcrc (Wright 
et ;I!. 1088). A highly significant relationship 
bctwcen A and SLA was also observed for some 
300 F3 pl:lnts dcrivcd from a single cross of high 
and low A Indonesian cultivars grown in the field 
(Wright ct nl .  1992). Thus, there is considerable 
evidence to support the hypothesis that a very 
strong association betwccn A anti SLA exists. This 
I?nding has significant implications for breeding 
programs, whcre selection for WUE may be prac- 
tised, as SLA is simple and incxperisivc to 
measure, compared to the more expensive A mcns- 
urcmcnt, which requires an isotope ratio mass 
spectrometer. 
An experiment has recently bccn coriducted to 
determine the generality of the SLA relationship 
with A by growing four cultivars with contrasting 
A in two contrasting temperature crivironmcnts, 
under irrigated and rainfed conditions (Nageswara 
Rao and Wright 1994). The two sites, Kingaroy 
arid Bundaberg, Australia, were similar except for 
their minimum night temperatures. Menn 
minimum tcnipernturcs during the season were 
16°C at Kingaroy compared with 20°C at Bunda- 
berg. Table 2 shows how environment, cultivar 
and watering regime all influenced the magnitudc 
of SLA and A. For instance. SLA and A for each 
cultivar were significantly higher in the warmer 
(a) 
- 
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CHICO, INT 
A McCUB, INT 
A SHUL, INT 
X TIFT, INT 
' CHICO, TER 
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Figurc5. (a) Water-use efficiency (WUE) versus specific leaf area (SLA) and (b) carbon isotopc discrimin:rtion 
( A )  versus SLA for four groundnut cultivars grown undcr two levels of drought 
1.5 
Table 2. Specific leaf area (cms/g) and A ( % c )  rnensurcd at rrinturity for four gro~~ndnut  cultivars groivn at ticn 
sites (Rund~rberg and Kingaroy) under two watering regimes (irrigated and rainfcd). 
18 
- - 
Sitc Trear rncr1t Chic, McCubbin Shularnit 'TI fton 
50 100 150 200 50 100 150 200 
SLA (cmzlg) SLA (cmYg) 
Kingaroy Irrigated 155.2 22.44 145.9 21.17 124.0 21.23 1 17.7 20.40 
Kainfed 138.9 22.1 5 164.8 21.45 124.9 21.35 132.7 20.77 
Hundabcrg Irrigated 184.9 23.21 174.2 22.68 166.8 22.97 148.3 21.50 
Rainfed 186.3 22.29 166.2 21 .SO 128.5 2 1.39 136.8 20.84 
Bundaberg environment, while water deficits 
associated with the rainfcd treatment tended to 
reduce SL,A and A for each cultivar but not in 
Kingaroy. This effect was particularly apparent at 
Bundaberg where lower rainfall resulted in greater 
crop water deficits. The data clearly show that 
leaves of all cultivars became 'thicker' in response 
to low temperature and water deficits, possibly due 
to effects on leaf expansion and translocation of 
assimilate from the leaf (Bagnall et al. 1988). Of 
more interest, however, was the observation that 
cultivar ranking for SI-A and A remained the same 
in edch environment and watering regime. Indeed 
analysis of variance showed the main effects of 
location, irrigation treatments and cultivar were 
highly significant (P < 0.05) for SLA and A, while 
the genotype x environment interactions were 
non-significant. These results are consistent with 
the low genotype x environment interactions for 
LVUE and A reportcd earlier. 
The strong correlation between A arid SLA 
reported previously (Fig. 5b) was again apparent 
for this data set (Fig. 6) even given the interactions 
noted above. Interestingly, the data from the 
contrasting tcrnperaturc and water stress envir-n- 
rrient forrn a universal relationship. Even the data 
presented in  Figure 5b, and other data we have 
measured elsewhere (e.g. Wright et al. 1992), f i t  
well onto this relationship. The physiological 
mechanisms involved are unknown, and need 
further investigation. Nevertheless, the significant 
application of the relationship is obvious, in that 
breeders could use the inexpensively measured 
SLA in lieu of A to screen for high WUE among 
groundnut genplasm within particular environ- 
ments. 
0 K'roy - wet 
9 K'roy - dry 
(1 B'berg - wet 
- H B'berg -dry 
- 
- 
- 
I I I 
SLA (cm*/g) 
Figure 6. Carbon isotope discrimination (A) in leaves 
versus leaf area for four peanut cultivars 
grown in  the field at nundaberg and 
Kingnroy, Quccnsland, Australia 
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